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Abstract

MicroBooNE is a short baseline neutrino experiment at Fermilab designed to address the low energy
excess observed by the MiniBooNE experiment. This note describes and presents preliminary results for
the MicroBooNE analysis developed to address this excess as a single photon plus one or zero protons
in the final state. The analysis assumes neutrino neutral current A resonance production followed by A
radiative decay on argon (NC A — N+v) as the “signal model”; event reconstruction and selection have
been developed and optimized in order to maximize efficiency and reduce cosmogenic and other beam-
related backgrounds to the NC A — N+ signal. We present the analysis methodology and validation
checks performed on limited-statistics open data sets, corresponding to 5x10'° protons on target (POT),
following a blind analysis, as well as the projected sensitivities for testing the Standard Model (SM)
predicted rate for the NC A — N+ process and for testing the interpretation of the previously observed
MiniBooNE low energy excess as NC A — N+ events, using the full anticipated MicroBooNE data set
of 12.25x10%° POT.
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1 Introduction

The MiniBooNE experiment reported its first observation of an anomalous excess of “low-energy” ve
charged current quasi-elastic (CCQE)-like events in 2008 [I]. Since then, additional data collected by the
MiniBooNE collaboration in both neutrino and antineutrino running mode have revealed an increasing (in
significance) discrepancy between data and the null hypothesis prediction, over the range of 200-475 MeV
in neutrino energy reconstructed assuming v, CCQE scattering. Despite becoming more significant with
more data and improved analysis, the observed excess has not been definitively attributed to sterile neutrino
oscillations or any other interpretation. One of the still-viable interpretations for this excess is that it is
contributed by neutral current (NC) single-photon production in neutrino scattering on carbon, where events
are generally reconstructed at lower energies and in MiniBooNE contribute as irreducible background. Such
process can be either a Standard Model (SM) process that may have been mis-estimated (underestimated)
in the MiniBooNE analysis, or a new process involving exotic physics.
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Figure 1: The current world’s best bound on the NC A radiative cross-section at O(1GeV) energy by T2K
[2]. Shown also in green is the Wang et al. Standard Model (SM) cross-section scaled up by a factor of 3,
which is what would be needed to explain the observed MiniBooNE low-energy excess [3].

The analysis presented in this note aims to test the single-photon interpretation of the MiniBooNE
low-energy excess under the explicit hypothesis that the excess is contributed by the SM process of NC
A baryon resonance production, followed by A radiative decay (NC A — N+, where N is a nucleon).
MiniBooNE considered contributions from this process to their background prediction, and constrained the
overall background rate by tying its branching fraction to the more dominant 7° decay mode of the A, which
was measured in MiniBooNE in situ. However, as the rate of the NC A resonance production followed by
radiative decay has never been directly measured in neutrino scattering, there is motivation to explicitly
test this hypothesis with a dedicated MicroBooNE search. Current limits on this process from the T2K
experiment [2] only constrain its rate to the level of <100 times the SM prediction at 90% confidence level
(CL), as shown in Fig. [1} while a factor of three (3) enhancement of the predicted SM rate can account for
the observed MiniBooNE excess [3]. For reference, the uncertainty on the NC A radiative decay rate in the
MiniBooNE analysis was 12.5% [4], constrained by an in situ measurement of the NC 7 rate.



1.1 The MicroBooNE Detector

MicroBooNE is sitting in the same neutrino beam as MiniBooNE, the Fermilab Booster Neutrino Beam
(BNB), and is a liquid argon time projection chamber (LArTPC) [5] combining the advantages of high spatial
resolution of neutrino interactions, as well as excellent calorimetry, leading to strong particle identification
capabilities. The detector consists of a 2.56m x 2.32m x 10.36m TPC filled with 85 tones liquid argon (active
mass) serving as both the bulk target mass and for charge detection, and an array of 32 photomultiplier
tubes (PMTs) [6] that detect scintillation light for triggering, timing, and reconstruction purposes.

Tonization charge deposited in the liquid argon volume is drifted horizontally by a large -70 kV drift
voltage, corresponding to a drift field of 273 V/cm. At the edge of the TPC, on the anode side, are three
sets of wire planes which are used to read out for reconstruction purposes [7].

Broadly, objects in LArTPC’s can be split into two categories, “tracks” in which the reconstructed
ionization charge forms continuously connected lines, most often due to underlying muons, charged pions
and protons; and “showers” in which an electromagnetic cascade is formed from an electron or photon
undergoing a cascade of bremsstrahlung, pair production, annihilation and Compton scattering.

For a more detailed description of the MicroBooNE detector, see Ref. [5].

2 Analysis Overview

This analysis builds and significantly expands upon past efforts [8, @] to develop an efficient and pure
selection of events with a topology consistent with neutrino-induced NC A — N+ events. Two primary
final-state-based topologies are examined: one with a single photon and a single proton in the final state
and no other tracks or showers reconstructed as part of the interaction (1y1p), and one with a single photon
and zero protons in the final state and no other tracks or showers reconstructed as part of the interaction
(170p). These samples are isolated using reconstruction utilizing the Pandora multi-algorithm approach to
automated pattern recognition [10]. The selection methodology and preliminary results, following a blind
analysis, are presented in Sec. Throughout the development of this selection, it has consistently been
observed that the largest background (at final selection stage) is that of NC 7¥ events, where one of the two
daughter photons of the 7 is not reconstructed as such due to (a) leaving the detector, (b) overlapping with
the primary shower, (c) pair-converting a significant distance away and thus failing to be associated with
the primary neutrino interaction, or (d) failing to reconstruct due to it having too low energy. To make sure
that these crucial backgrounds are well understood, two separate (and mutually exclusive) 7° rich selections
are developed. One targeting one proton and two photons and no other tracks/showers (2y1p), and one
targeting zero proton and two photons and no other tracks/showers (270p). These are discussed in Sec.
The NC 7%-targeting selections provide high-statistics samples for data to Monte Carlo comparisons without
compromising our signal blindness criteria, which are useful for validating the analysis (including simulation,
reconstruction, and event selection), and for directly constraining the rate and potentially shape of the NC
70 background distribution to the single photon selection.

Final fits to a potential NC A — N~ signal are performed with a simultaneous fit to all four selec-
tions, considering statistical and systematic uncertainties and systematic correlations, as described in Sec. [6]
Systematic uncertainties and correlations are evaluated as described in Sec. [}



Figure 2: Cartoon illustrations of the two topological signatures of NC ! N events targeted by the
single-photon low-energy excess search. Leftl 1p; right: 1 Op. A simulated example of what thel 1p
topology looks like in a LArTPC readout wire plane image is shown in Fig[p.

3 Single Photon Selection

3.1 Topological selection and pre-selection

NC radiative selection begins with Pandora-reconstructed information. Speci cally, per MicroBooNE
recorded event, a candidate neutrino interaction vertex is selected and reconstructed by the Pandora al-
gorithms. Both the 1 1p and 1 Op selections speci cally focus on reconstructed vertices which match the
corresponding signal topology de nitions. These topological selections are de ned as:

1 1p - requiring exactly one reconstructed shower and one reconstructed track associated to the can-
didate vertex;

" 1 Op - requiring exactly one reconstructed shower associated to the candidate vertex.

Cartoon representations of what these topologies look like are shown in Fig. 2. An event display showing a
Monte Carlo simulation of a 1 1p event with a clear proton track and photon shower in the MicroBooNE
LArTPC is provided in Fig. 3. In this standard event display, color indicates the amount of charge detected
as a function of collection plane wire number (equivalent to distance along the beam direction) on the
horizontal axis and time (equivalent to beam-transverse horizontal distance) on the vertical axis.

Topological selection e ciencies for signal are provided in Tab. 1. For the purposes of comparing how
the 1 1p and 1 Op selections change as we step through the analysis, two representative distributions have
been chosen to highlight at each stage. For the 11p, where we have reconstructed both a proton and photon
candidate of the baryon decay, we show the reconstructed invariant mass of the parent which for true
NC radiative events should be centered on the mass of 1,232 MeV. In the case of 1 Op, however, we
have no reconstructed information of the escaping neutron and only have access to the photon candidate,
so we instead plot the selected photon's reconstructed calorimetric energy. These two distributions, after
topological selection, are shown in Fig. 4 for the 11p (left) and 1 Op (right) selection. The distributions
compare Run 1 unblinded data to simulated predictions. The Run 1 dataset corresponds to approximately
5 10?° POT, or < 5% of the total MicroBooNE data set for Runs 1-5, although after data-quality cuts the
available POT that we compare on subsequent plots is closer to:4 10?° POT. The simulated predictions
are broken down according to truth information; the corresponding number of events in the simulation,
normalized to the data POT in each distribution, is shown in the legend.



As we utilize the same plotting style and legends as is in Fig. 4 for all comparisons between data and
simulation in this note, we here briey describe the breakdown of the various categories. Data points
are shown in black, corresponding to the total POT exposure as described on the plot. The remaining
histograms are stacked on top of each other and make up the total simulated expectation normalized to
the same exposure. Our signal that we search for is the NC radiative decay, and is included both as
the standard model expected rate in GENIE as well as an additional factor of 2 enhancement, which would
be needed to explain the MiniBooNE LEE. The various categories including NC 1 © Coherent, NC ©
Non-Coherent, NC 2+ ©, CC 0 and CC .= intrinsic all represent particular sub-components of the
total BNB interactions in the MicroBooNE cryostat that we highlight explicitly as they are particularly
important backgrounds for this search. All remaining BNB interactions within the cryostat that do not t
into the above 6 de nitions are grouped together and referred to as \BNB Other", the majority of which are
CC events with no exiting °. The Dirt category represents all BNB neutrino induced backgrounds that
originate outside the cryostat (in the surrounding concrete, steel and dirt) but scatter inside the TPC and
produce reconstructable charge. The nal histogram is the cosmogenic backgrounds, labeled \cosmic data",
as they are explicitly extracted from MicroBooNE data measured in situ during running, but out of time with
the BNB neutrino spills. Simulation error bars include ux and cross-section systematic uncertainty as well
as inherent Monte-Carlo statistical uncertainty, with the error bars on the data being their corresponding
Poisson errors. Although detector systematics have been evaluated for the purposes of the nal sensitivities
(see Sec. 5), unless mentioned directly they are omitted from distributions.

After topological selection, a series of pre-selection cuts are applied in order to reduce both any obvious
and clear backgrounds as well as the number of selected events with reconstruction failures. For the Ip
topology, the pre-selection cuts include:

" Shower Energy Cut:  The reconstructed calorimetric shower energy must be at least 40 MeV.

Track Mean dE=dx Cut: The \truncated mean dE=dx" of the track must be above 2 MeV/cm.
The truncated mean is an average oflE=dx along the track, truncating values further than 1 sigma
away from a rolling mean, reducing the e ects of spurious outliers.

" Angle between Track and Shower Cut: The absolute value of the cosine of the angle formed
from the track direction and shower direction must be < 0:99. The shower direction is taken to be the
direction from the reconstructed vertex to the reconstructed shower start point.

Figure 3: A example simulated * ! p event, showing a short proton track with Bragg peak, as well as
non-zero conversion distance of the photon before pair-producing into ae* e pair that subsequently forms
an electromagnetic shower in the liquid argon. This event represents a classic example of the topology we
are searching for with the 1 1p selection.



(@) 1 1p Selection at Topological Stage (b) 1 Op Selection at Topological Stage

Figure 4: 1 1p and 1 Op Monte Carlo predicted distributions after the topological selection stage. Pre-
dictions are scaled to and compared to the open Run 1 data set corresponding to 4.10'° POT. Here, the
dominant backgrounds are cosmogenic backgrounds, in green (labeled \cosmic data", as they are directly ex-
tracted from MicroBooNE data measured in situ when the BNB is o0 ), followed by \BNB other" and dirt
induced backgrounds, in light blue. Overall, reasonable data to Monte Carlo agreement is observed, within
statistical and systematic uncertainties. Note: detector systematic uncertainties have been evaluated but are
omitted in these distributions.

Shower Fiducial Volume Cut: The reconstructed shower start must be 7 cm from the wire cell
space charge boundary. The \wire cell space charge boundary" (SCB) represents the e ective active
TPC volume [11].

Track Calorimetric Energy Cut: The calorimetric kinetic energy (KE) of the track, estimated
based on the track's deposited energy, must b& 400 MeV. This forms a consistency check with the
previous length-based cut.

Track Containment Cut: The reconstructed track start and end must both be at least 2 cm from
the SCB.

Vertex Fiducial Volume Cut: The reconstructed vertex must be at least 2 cm from the SCB.

Track Length-Based Energy Cut: The reconstructed KE of the track, estimated based on the
length of its travel path in argon under the hypothesis that the track is a proton, must be < 500 MeV.

The signal e ciency of these cuts is shown in Tab. 2 (quoted speci cally for \well-reconstructed” signal
events in which the reconstructed shower and track were correctly matched to the true photon and proton in
the interaction). Shown also are the e ciencies for two of our primary backgrounds: (1) mis-identi ed cos-
mogenic backgrounds, which are extracted directly from MicroBooNE data taken out-of-time with the BNB
spills during Run 1%, and (2) mis-identied NC 1 © events. This demonstrates the signi cant background
reduction achieved with these cuts. Figure 5 shows the e ect of these cuts on the signal spectra (red) as well
as the measured cosmogenic background spectra (green) and other BNB background spectra (blue). The
resulting 1 1p distribution, following pre-selection, is provided in Fig. 6, left.

In parallel to the 1 1p pre-selection, the following cuts are applied for the 10p pre-selection:

~ Fiducial Volume Cut: The reconstructed shower start must be at least 2cm from the SCB.

1These are also often referred to as BNB-external data.
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